ABSTRACT This paper reports that a miniaturized chiral meta-atom has 5.14-GHz bandwidth and applicable for C-band applications. The meta-atom is developed by an electric inductive-capacitive resonator, where the inverse E-shape structure is combined with the outer ring resonator. The dimension of the proposed single unit cell structure is 6.0×6.0 mm 2 that is printed on a Rogers RT 5880 material. Finite integration techniquebased CST Microwave Studio has been utilized to design, simulation, and investigation purposes. An Agilent N5227A vector network analyser is used to retrieval the effective parameters and the measured and simulated results are well arranged together. The negative refraction bandwidth of 5.14 GHz (from 4.0 to 9.14 GHz) and the effective medium ratio 6.96 make the designed meta-atom is suitable for practical applications.
I. INTRODUCTION
Electromagnetics meta atoms are periodically arranged man-made structure that exhibits some peculiar characteristics, such as negative refraction, magnetism, dispersion, polarization, etc. which are not available in the natural conventional materials. The elementally size of the meta-atoms are much smaller relative to the wave length. A chiral medium has different responses for a left circularly polarized wave and right circularly polarized wave due to chiral asymmetry of the medium. Again, there is a cross coupling between the electric and magnetic field that going through the chiral medium. Smith et al. in 2000, suggested a special types of metamaterial that could show simultaneously negative permittivity and permeability. Besides, he did the microwave examinations to examine the proposed materials unusual properties [1] . Tretyakov et al. in 2003 , discussed the possibility of realizing negative refraction by chirality. The authors first proposed the idea to fabricate a metamaterial composed of chiral particles [2] . Pendry et al. in 2004 , told the possibility to achieve negative refraction in chiral metamaterials. He analyzed the conditions to realize negative refraction in chiral metamaterials and showed that they are simpler than for regular metamaterials, which require both electric and magnetic resonances to have negative permeability and negative permittivity [3] . However, the peculiar electromagnetic properties empower chiral meta-atoms with unique potentials for various applications, such as antenna design [4] , [5] , filter design [6] , imaging applications [7] , Terahertz applications [8] , sensing applications, etc. Many of these metaatom either have larger size, smaller bandwidth, do not have a chirality characteristic. Sarkhel et al. in 2015 , demonstrated a compact dual band meta-atom that designed as ''delta-shape'' and applicable for C-band. The dimensions of the delta shape unit cell were 7.40×7.40 mm 2 and the effective medium ratio was 7.50 [9] . Liu et al. in 2016, presented a 5.0× 5.0 mm 2 ''Split ring-shape'' left-handed metamaterial developed by the modified circular electric resonators, that exhibited a dual band for microwave devices and antenna applications and effective medium ratio was 5.45 [10] . Zhou et al. in 2015, recommended an 8.50×8.50 mm 2 ''double z-shape'' lefthanded metamaterial designed by the coplanar electric and magnetic resonators, that effective medium ratio was 4.80. The resonator structure was prepared by two orthogonal z-shape metal strips and the metamaterial showed resonance at 7.30, 8.10, and 9.40 GHz respectively [11] . Hasan et al. in 2016, introduced a 10.0×10.0 mm 2 double negative metamaterial that applicable for dual band (C-and X-) operations, which bandwidth is 3.60 GHz. In additions, the waves were propagating only at z-directions where the operating frequency from 2.0 to 14.0 GHz [12] . Faruque et al. in 2016, exhibited split z-shape left handed meta-atom with lefthanded for S-, C-, X-and Ku-band applications. The designed structure was analysed from 0 • to 90 • azimuthal angles at every 15 • intervals [13] . Cao et al. in 2016, proposed a dual band two layers' meta-atom unit cell that stacked with the angle of mutual twist 90 • . Then the twisted pairs are arranged periodically with a rotation symmetry forming a bilayer chiral metamaterials. The designed structure shown resonance at Ku-and K-band, when the working frequency range 15.0 GHz to 20.0 GHz [14] . In this paper, a mirror shape chiral meta-atom discussed that resonance at C-band and negative refraction bandwidth from 4.0 to 9.14 GHz.
The proposed meta-atom shows left handed characteristics in C-band (7.61 GHz). To realize the wide bandwidth, the size and position of the resonators are adjusted with the substrate materials for the proper impedance matching. The effective medium ration of the proposed design is 6.96 and flexible for applications of the long distance telecommunication, enhanced antenna performance, cloaking, SAR reductions, energy harvesting, etc. Usually, a meta-atom structure can be called as ''chiral meta atom'' if it can be superimposed on their mirror image. The inverse E-shape designed structure are similar and can be imposed by the mirror image.
II. PROPOSED META ATOM UNIT CELL STRUCTURE
A chiral meta-atom is composed of particles that can be supper imposed on their mirror image. The geometry of the proposed structure is designed by the electric LC resonator, where the inverse E-shape combined with the outer ring resonator that look like a mirror inverse E-shape structure. In addition, the E-shape structure is responsible to induce the inductance. If the structure will larger, then the inductive effect will be more and the resonance peak will be in lower frequency. Moreover, the proposed meta atom is designed in an arrangement, so that the resonance peaks will be in the C-band. The unit cell dimension of the structure is 6.0×6.0 mm 2 that printed on a Rogers RT 5880 (thickness, t=1.575 mm, dielectric constant 2.20 and tangent loss 0.0009) material. The gap between the inverse E-shape resonators connect the electric field loops that create inner side of the inverse E-shape resonator. The capacitance is introduced by the splits and cancel out the inductance introduced by the metal strips of the designed meta-atom. The impedance is matched by the both copper strip and Rogers RT 5880 material as well as exhibits unusual characteristics, when EM-waves passed through the designed meta-atom structure. The explanation of the proposed meta-atom unit cell parameters is given in table 1.
III. METHODOLOGY
In this paper, a chiral meta-atom is designed for C-band applications with complementary metal rings separated through a tiny gap. Magnetic resonance was induced by the splits as well as the gap between the inner and outer rings that fascinates the controllability of electromagnetic (EM) waves. The Finite Integration Technique (FIT)-based CST Microwave Studio is utilized to analysis the chiral meta-atom, which is successfully done by periodically array, not a single meta-atom. In addition, Computer Simulation Technology (CST) is also used to calculate the effective medium parameters. In the simulation technique shown in the fig. 2(a) , the designed structure is enclosed in a waveguide where the perfect electric and perfect magnetic boundaries are imposed. Perfect electric and magnetic boundaries are the x-and y-axis. The EM-waves are propagated along the z-axis, where the ports are used to guide the EM-wave incident on the designed structure. Frequency domain solver with tetrahedral mesh is used to simulate the structure from 4.0 to 10.0 GHz. The effective medium parameters (permittivity (ε), permeability (µ) and refractive index (n)) are figured out from the scattering parameters by process can be expressed as follows [15] ,
Refractive Index, n r = η eff + ik eff (7)
Where, R 01 is the meta atom sample interference. The metal strips are responsible for the inductive effect and splits are for the capacitive effect. By increasing the metal strips length or width inductive effect is also increased then the resonances shifted towards the lower frequency. Similarly, by increasing gaps between the resonators or splits capacitive effects are raised and resonances shifted towards the higher frequency.
In the circuit diagram the splits are maintained capacitive effect symbolised by C1, C2, C3, C4 and C5. Conversely, the metal strips are responsible for inductance effect denoted by L1, L2, L3, L4, L5, L6 and L7. The equivalent circuit of the proposed structure is given in Fig. 2(c) . Moreover, from equation (10, 11 and 12) the resonance frequency at 7.10 GHz, whereas the simulated resonance at 7.18 GHz and the measured resonance also at 7.18 GHz. However, the total inductance of the designed structure can be figure out from the equation [16] ,
The total capacitance can be calculated from the equation,
As the proposed structure consist of inductive-capacitive circuit, so the resonance frequency would be,
where the free-space permeability (µ 0 ) is 4π ×10 −7 H/m and the free space permittivity (ε 0 ) is 8.85×10 −12 F/m. Measurement of the meta-atom is performed by horn antenna. A fabricated 150×210-mm 2 (25×35 unit cells) array prototype, displayed in fig. 3 , is placed within two horn antennas in a semi-anechoic chamber. The incident electromagnetic waves propagate along z-directions like the simulation process. Agilent N5227A vector network analyser is connected with the horn antenna for observing the scattering parameters. However, Agilent N4694-60001 is used for calibration the vector network analyser to perform the measurement accurately.
IV. RESULTS ANALYSIS
The excited surface current distribution on the meta-atom in the (xy-plane) at 7.18 GHz is shown in the Fig. 4 (a) . The arrows are showing the direction of the currents and colour express the intensity. The current around inner edge of the meta-atom are stronger than the other areas and more concentrate at 7.18 GHz. The current path is clearly observed by the intensity of the currents and flows opposite directions, which nullify each other and creating stop band. In fig. 4 (b) field distribution are shown at 7.18 GHz. Fig. 5(a) represents the numerical and experimental amplitudes of the transmission (S 21 ) and reflection (S 11 ) coefficient that are well complied together. The proposed structure exhibits the resonance at 7.18 GHz (C-band), whereas, the simulated results are almost same in the same figure. This chiral meta-atom is designed first, which will be integrated with the antenna for favourable gain, enhanced the bandwidth and reduce the antenna size for C-band applications, such as long distance radio telecommunications. Fig. 5(b) reveals the effective medium parameters of the designed structure. The negative permittivity from 4.58 GHz to 7.12 GHz and 7.58 GHz to 10 GHz. Similarly, the negative permeability from 6.89 GHz to 10 GHz. There is a difference between the permittivity and permeability due to the polarization effect, which depends on the internal structure of the materials. From the same figure the negative refraction from 4.0 GHz to 10.0 GHz (bandwidth of 5.14 GHz). If the permittivity and permeability are simultaneous negative, then refraction is also negative. Here at 7.61 GHz the designed meta-atom exhibits the effective medium parameters (permittivity, permeability and refractive index) are −57.65, −30.40 and −47.28 respectively. As result the designed structure can be characterised as a left handed at 7.61 GHz that is shown in table 2.
A comparative characteristics analyse between the anticipated and the previously reported structure are shown in Table 3 . It is noticed that the designed structure is only 6×6 mm 2 and have 5.14 GHz bandwidth. Besides, it is applicable for C-band applications and the effective medium ratio is 6.96, whereas the effective medium ratio (EMR) are descriptions of a medium based on the properties and the relative fractions of its components and are derived from calculations as follows,
Where, λ is the wavelength and D, is the dimension of the proposed meta-atom structure. Moreover, [10] was compact in size but they were only applicable for X-band and bandwidth increased only 35%. Reference [9] had half bandwidth than the designed meta-atom and [11] and [12] were applicable for C-and X-band applications. In additions, the bandwidth increased of the structures in [11] and [12] were respectively 21.4% and 42.9%, as well as the effective medium ratio were 4.80 and 4. However, [14] had only 1.50 GHz bandwidth and effective medium ratio was 1.59 but can applicable in satellite communication for Ku-and K-band. Finally, the new proposed structure is compact in size, wide bandwidth and flexible for practical C-band applications.
V. CONCLUSION
A new mirror shape chiral meta-atom suitable for C-band applications is presented in this paper. The designed metaatom exhibits left handed characteristics at 7.61 GHz. simulation is carried out for analyse and fabrication is done for validation the tropology. The designed structure provides 5.14 GHz (from 4.0 to 9.14 GHz) wide bandwidth in the major portion of C-band. However, the proposed tropology can be evolved from the inductive-capacitive resonator and compact in size due to effective medium is 6.96. To conclude, the results and compact size reported that these design is flexible in the practical telecommunication applications. 
